Abstract
Introduction
Continuous positive airway pressure (CPAP) is progressively replacing intubation and mechanical ventilation as the first choice of respiratory support for premature infants at birth. However a considerable number of infants, who are initially stabilised with CPAP, will develop worsening respiratory failure and eventually require intubation for mechanical ventilation and the administration of surfactant. [1] [2] [3] [4] [5] [6] If early identification of preterm infants who fail CPAP is possible this could be used to optimise the timing of surfactant treatment to early administration (within 2 hours) [7] , decrease pulmonary damage and improve outcomes.
Many measurements have been investigated for their ability to predict CPAP failure in infants such as FiO 2 , PaO 2 , A-aDO 2 , a/A ratio, PaO 2 /FiO 2 and the stable micro bubble test as soon as possible after birth. [8] [9] [10] [11] [12] [13] To date, the respiratory pattern and effort at birth have not been investigated although they are a major determinant of lung gas volumes [14] and may correlate with respiratory distress severity and predict CPAP failure. [15] As the preterm infant's chest wall is highly compliant and transiently expands immediately after birth [16] , it has limited capacity to oppose lung recoil. [17] As such, these infants must utilise their breathing pattern to develop and maintain functional residual capacity (FRC) immediately after birth.
Expiratory holds (EHs), which are breaths characterised by a period of zero flow during expiration and prolonged duration of expiratory [18] [19] [20] , help to maintain FRC. [14, 18, 21] Studies in newborn rabbits, lambs and infants suggest that the use of EHs is influenced by changes in lung gas volumes and airway pressure. [14, 19, 22, 23] Although it is uncertain whether EHs can indicate absolute lung gas volumes, we have previously shown a strong relationship between the incidence of EHs and FRC in newborn rabbits. [14] Large tidal volumes (VTs) at birth promote lung liquid clearance by generating transpulmonary pressures that move liquid from the airspace into the peri-alveolar interstitial tissue. [14, 16] There is a positive relationship between VT and FRC with large VTs resulting in larger immediate FRC accumulation in the first breaths after birth. [24] A similar relationship is observed regarding inspiratory effort and FRC development. [24] Clearly, VT and inspiratory flow can influence end-expiratory lung gas volumes.
As preterm infants are commonly surfactant deficient and have a highly compliant chest, they commonly have lower than normal resting lung gas volumes. [25, 26] It is possible that infants with the lowest lung gas volumes represent those most likely to develop severe respiratory distress syndrome (RDS) and thus require more respiratory support than CPAP initiated at birth. Indeed, up to 80% of infants who fail CPAP demonstrate moderate-severe RDS. [1, 27] As such, preterm infants who fail to establish a good breathing pattern and effort immediately after birth are more likely to be unable to maintain their FRC and eventually require increased respiratory support. We hypothesized that the breathing pattern and effort at birth is different in infants who failed CPAP within 48 hours after birth than in infants where CPAP was successful.
Methods
The local institutional review boards (IRBs) of the Leiden University Medical Center (Commissie Medische Ethiek, Leids Universitair Medisch Centrum) and Royal Women's Hospital (the Human Research Ethics Committee, Royal Woman's Hospital) approved physiological-and video recordings at birth in the delivery room when respiratory support was necessary for research purposes. Written parental consent to use the recordings for research was obtained after birth. For this retrospective observational study respiratory function recordings made between years 2009 and 2011 of infants born <32 weeks of gestation who were supported with CPAP at birth were included. The aim of this study was to determine if the breathing pattern and effort at birth could predict which infants could be stabilised with CPAP in the delivery room but later require intubation. Therefore, infants that were intubated in the delivery room were excluded from the analysis.
Resuscitation was performed by neonatologists, neonatal fellows or pediatric registrars who used a T-piece infant resuscitator (Neopuff; Fisher & Paykel Healthcare, Auckland, New Zealand) in combination with a Laerdal silicone round mask of an appropriate size (Laerdal, Stavanger, Norway). In all infants included in this study positive pressure ventilation was performed according to Dutch guidelines starting with 5 initial sustained inflations, each lasting 2-3 seconds, a peak inspiratory pressure (PIP) of 20 cmH 2 O, a positive end expiratory pressure (PEEP) of 5 cmH 2 O and a gas flow rate of 8 L/min using air. [28] Positive pressure ventilation was continued if spontaneous breathing was absent or if the infant's heart rate and oxygen saturation were below the levels described in the Dutch guidelines. [29] Otherwise, infants were supported with 5-6 cmH 2 O of CPAP.
Respiratory interventions were recorded starting from birth, e.g. when the head is delivered, using a webcam and a Florian respiratory function monitor (Acutronic Medical Systems AG, Hirzl, Switzerland), with a hot wire anemometer as a flow sensor between the T-piece and facemask (dead space <1 ml) to detect gas flow in and out of the mask. The flow signal was integrated to measure inspired and expired tidal volumes (V Ti and V Te ) and the difference equals mask leak ((V Ti -V Te / V Ti ) Ã 100). [30] The flow sensor was calibrated before each recording.
Data recording was started at the exact time of birth (when the shoulders are delivered). Pressure was measured from the distal section of the T-piece tubing. Oxygen saturation and heart rate were measured with a Masimo SET pulse oximeter (Masimo Radical, Masimo Corporation, Irvine, California). FiO 2 was measured using an Oxylog (Teledyne technologies, thousand oaks, California). Signals of gas flow, VT, ventilatory pressure, FiO 2 , oxygen saturation, heart rate and breathing were digitised and recorded at 200 Hz using Spectra software (Grove Medical, Hampton, UK). The resuscitators were not blinded to the respiratory monitor, but we recently reported that they rarely used the monitor for feedback. [28] The researcher performing the recording was not part of the resuscitation team and did not inform the resuscitators of the saturation, heart rate and respiratory function of the infant displayed by the monitor.
Respiratory function recordings were analysed in 3-minute periods to determine the frequency of EHs, the volume-time integral of EHs (i.e. area under the volume recording of each EH), EH hold duration and EH hold volume. All spontaneous breaths, EHs and other breaths, were analysed for tidal volume (VT) and peak inspiratory flow. The volume-time integral of each EH takes into account the remaining lung gas volume and the size and duration of the EH, thus providing an overall measurement of gas exchange potential. In order to take a spontaneous breath, the inspiratory muscles must generate sufficient force to overcome the elasticity of the lungs and chest wall therefore we used peak inspiratory flow rate as a surrogate to determine of respiratory strength. CPAP pressure and FiO 2 before the infant was transferred to the neonatal intensive care unit (NICU) was also noted. To blind investigators, if the infant was intubated, the eventual time of intubation was added to the database after the analysis was finished. The threshold for CPAP failure was intubation within 48 hours of age because intubation within this time was most likely due to respiratory distress rather than apnoea's of prematurity or the presence of infection.
Indications for endotracheal intubation in the delivery room were (1) inability to maintain SpO 2 in the target range (85-95%) with a maximum CPAP pressure of 8 cmH 2 O and (2) FiO 2 >0.4. Surfactant was only administered after the infants was intubated. Our local guidelines did not specify the time point at which tracheal intubation had to be performed. Indications for endotracheal intubation the first 48 hours after birth included at least one of the following;
(1) inability to maintain SpO 2 in the target range (85-95%) with a maximum CPAP pressure of 8 cmH 2 O and FiO 2 >0.4, (2) more than one apnea per hour for 6 hours despite caffeine treatment or any apnea requiring PPV or (3) a respiratory acidosis (pH <7.25 and pCO 2 >60 mmHg and rising) on two separate blood gases. Caffeine was provided to all infants shortly after admittance to the NICU. CPAP was provided using binasal prongs and nasal masks which are switched every 12 hours to prevent pressure sores. Corticosteroids were given before birth in two gifts with 48 hours in between.
Results are presented as mean ± standard error of the mean or otherwise stated. Data were tested for normality and equal variance and data transformations were performed if necessary using SigmaPlot (SigmaPlot 12, Systat Software Inc. Chicago, Illinois). A repeated measures ANOVA and a Student-Newman-Keuls post hoc test was performed to identify statistical differences. A p-value of <0.05 was used for statistical significance. When Student's t-tests were used to compare groups, data that were not normally distributed were analysed using a MannWhitney Rank Sum test.
Results
72 respiratory recordings were eligible for analysis. In total 40/72 recordings needed to be excluded for the following reasons: 14 respiratory recordings were of poor quality (excessive movement artefact, significant leak from the facemask or problems with the digitisation of data), 9 infants lacked enough spontaneous breaths to be analysed (<10 spontaneous breaths in the entire recording), for 7 infants the corresponding patient data could not be located, 7 infants were intubated in the delivery room and 3 infants died during the initial resuscitation period. Therefore, a total of 32 respiratory recordings were analysed; 15 recordings of CPAPfailed infants and 17 recordings of CPAP-success infants. The patient characteristics of these groups are presented in Table 1 . Infants that did not receive a full course of steroids received all received one gift. It was not expected that the same number of recordings were analysed at each time point in the analysis because periods of IPPV were excluded and the duration of assisted ventilation in the delivery room differed between patients. Table 2 presents the number of patients included in each time point.
Infants who failed CPAP required more inflations at birth (45 ± 12% of all flow waves) compared to infants who were successfully supported by CPAP (19 ± 9% of all flow waves; p<0.05). Infants who failed CPAP within 48 hours were intubated, on average, at 6.62 ± 0.31 hours after birth. In the CPAP-fail group, 1999 spontaneous breaths were analysed. In the CPAP-success group, 2004 spontaneous breaths were analysed. In all infants, the incidence of EHs increased from <5% at 0-3 minutes to~20% at 3-6 minutes after birth (p<0.05) and remained stable at 6-9 minutes and at 9-12 minutes (Fig 1A) . There were no significant differences between CPAP-fail and CPAP-success groups at any time point (p>0.05). The volume-time integral of breaths exhibiting an EH was similar between CPAP-fail and CPAP-success groups at each of the selected time points after birth (p>0.05, Fig 1B) .
The duration of the period of zero flow occurring during the EH was not different between CPAP-fail and CPAP-success groups (p>0.05; Fig 2A) . The average volume of gas in the lungs during the hold was also not statistically different (p>0.05), although the CPAP success group tended to maintain a greater volume of gas in the lungs than the CPAP fail group (Fig 2B) .
The VT of all spontaneous breaths was not different between CPAP-fail and CPAP-success groups at any time point (p>0.05, Fig 3A) . However, at 9-12 minutes after birth, the CPAPfail infants had relatively consistent VTs (median [IQR]) (6.3 [4.4-6.9]) whereas VTs within the CPAP-success group demonstrated greater variability (7.5 [5.3-16.4] ). The coefficient of variation of VTs at 9-12 minutes in the CPAP-fail group was 0.32, whereas it was 0.66 in the CPAP-success group. Similar to VT, peak inspiratory flow averaged across all spontaneous breaths was not different between CPAP-fail and CPAP-success groups at most time points (p>0.05). However, at 9-12 minutes CPAP-fail infants demonstrated significantly lower peak inspiratory gas flows than CPAP-success infants (p<0.05; Fig 3B) Breaths occurring between 9-12 minutes were analysed in individual infants to determine the usage of different sized VTs and peak inspiratory flows in CPAP-fail and CPAP-success infants at this time. CPAP-fail and CPAP-success infants most commonly utilised VTs between 3-6 mL/kg at 9-12 minutes after birth (Fig 4A; p<0.05) . Although not significant, CPAP-success infants appeared to utilise almost 2 times as many VTs of >9 mL/kg than CPAP-fail infants. However, CPAP-success infants achieved large inspiratory flows >40 ml/kg.s~4 times more frequently than CPAP-fail infants (15.5 ± 5.2% vs. 71.8 ± 15.8%, p<0.05) (Fig 4B) . In CPAP-success infants 70% of the very large VTs (>9 mL/kg) were generated by using large inspiratory flows >50 mL/kg.s. In contrast, CPAP-fail infants less commonly used VTs >9 mL/ kg and utilised a wide range of inspiratory flows to achieve these volumes.
At 9-12 minutes after birth breaths were separated into VT ranges and the distribution of peak inspiratory flows determined (Fig 5) . Low VTs (0-3 mL/kg) were mostly achieved with slow peak inspiratory flows <15 mL/kg.s in both CPAP-success and CPAP-fail infants. However, VTs of between 3-6 ml/kg, which was the most commonly utilised VT at 9-12 minutes, were achieved with lower flow rates in CPAP-success infants than CPAP-fail infants (Fig 5) . Larger VTs (6-9 mL/kg) were commonly achieved with inspiratory flows of 15-25 mL/kg.s in the CPAP-success group whereas the same VTs required much higher inspiratory flows of 20-35 mL/kg.s in the CPAP-fail group. SpO 2 increased similarly in CPAP-fail and CPAP-success infants (Fig 6) . To achieve these saturations, CPAP-fail infants required greater FiO 2 (0.31 ± 0.03 vs. 0.21 ± 0.01; p<0.05) and CPAP levels (6.62 ± 0.3 cmH 2 O vs. 5.67 ± 0.26 cmH 2 O, p<0.05) than CPAP-success infants.
Discussion
Several randomised controlled trials have demonstrated that preterm infants can be stabilised with CPAP at birth. [2] [3] [4] [5] [6] However, a significant proportion of these infants, as many as 50% [2, 6] , developed respiratory failure and failed CPAP. Our study investigated if the breathing pattern at birth could identify infants that fail CPAP within 48 hours after birth. EH frequency, VT range in both CPAP-success and CPAP-fail infants. * indicates that the frequency of the CPAP-success group is significantly different to the CPAP-fail group at the corresponding peak inspiratory flow. size and duration over time and average VT and average peak inspiratory flow of all breaths did not predict CPAP failure. However, a sub-analysis of breaths occurring between 9-12 minutes demonstrated that the CPAP-fail infants needed higher inspiratory flows to reach the volumes but used very few breaths of large peak inspiratory flows when compared to CPAPsuccess infants. This reflects more difficulty in breathing and early signs of fatigue in the CPAP-fail infants. Indeed, infants who failed CPAP required greater respiratory support, such as higher FiO 2 levels, higher CPAP pressures and more positive pressure-delivered breaths, before transport to the NICU.
Low VTs and inspiratory flows have been associated with a greater risk of extubation failure in mechanically ventilated children 3-5 years old. [31] Although our results demonstrated a tendency for CPAP-fail infants to have lower VT at 9-12 minutes, this was not statistically different because of the large variation in VTs of the CPAP-success group. However, peak inspiratory flows were significantly lower in CPAP-fail versus CPAP-success infants and both the VTs and peak inspiratory flows were less variable. Mechanically ventilated preterm infants, studied at~5 days postnatal age, were most likely to fail extubation if they demonstrated less variation in their mean inspiratory flow rate during a 3 minute spontaneous breathing trial before extubation. [32] This is similarly observed in adults. [33] The coefficient of variation of the VT and peak inspiratory flow at 9-12 minutes suggests that infants who failed CPAP utilised a narrower range of VT and flows than CPAP-success infants.
Large variability reflects the infant's ability to adapt to a changing lung gas volume to maintain adequate lung aeration. A limited range of breaths (VTs and inspiratory flows) may indicate increased difficulty in maintaining lung aeration. These infants are likely at greater risk of later respiratory failure. Indeed, CPAP-fail infants required greater respiratory support such as increased FiO 2 , greater CPAP pressures and more manually delivered breaths, to obtain similar oxygen saturations to CPAP-success infants. A need for greater respiratory support by infants that fail CPAP has been previously reported. [8, 10, 11] As described earlier in the NICU we use both binasal prongs and bubble CPAP devices which were shown to be equally effective in achieving desired bubble CPAP pressures. [34] Maintaining lung aeration is particularly difficult for newborn infants because insufficient mineralisation of the ribs leads to a highly compliant chest wall [35] that tends to collapse inwards under the lungs natural recoil and particularly during inspiration. This effect is more pronounced in preterm infants [36] who have higher chest wall compliances than term infants [17] . Employing faster inspiratory flows to generate larger potential VTs in anticipation that a proportion of the VT will not be achieved could compensate for the loss of potential VT, resulting from chest wall distortion. By increasing their efforts for each breath, CPAP-fail infants can achieve adequate VTs and delay the onset of respiratory distress until hours after birth. Our study demonstrated that CPAP-fail infants required larger inspiratory flow rates to achieve VTs of 3-9 mL/kg than CPAP-success infants. These findings suggest that infants most likely to fail CPAP may be those with the most compliant chest walls, high lung recoil and low muscular strength. In fact, high Silverman scores, which indicate these properties, have been associated with CPAP failure. [11] In contrast to the observations made at VTs between 0-9 ml/kg, larger VTs >9 ml/kg were more often achieved by CPAP-success infants using higher peak inspiratory flows than CPAPfail infants (Fig 5D) . This observation may identify the strongest infants who are capable to generate the highest inspiratory flows to achieve these larger volumes and therefore are less probable to develop RDS. In addition, CPAP-success infants may have stiffer chest walls, which may help them generate rapid peak inspiratory flows and more easily achieve large recruitment breaths. Although not statistically significant, larger VTs >9 ml/kg, on average, appeared to make up a larger percent of the breathing pattern in CPAP-success infants than fail infants (Fig 5) . CPAP-fail infants, possibly with more compliant chest walls, utilised a wider range of inspiratory flow rates to achieve the large VTs of >9 mL/kg (Fig 5) . The use of slower rates of inflation to achieve large VTs likely reflects a mechanical problem and a greater difficulty in simply moving air into the lungs. This suggestion is supported by the finding that these infants required higher flow rates to achieve moderate sized VTs. Further, it raises the possibility that energy failure may be a major contributor to eventual CPAP failure in these infants. That is, the energy requirement to maintain spontaneous breathing on CPAP eventually becomes too great.
In preterm infants high chest wall compliance combined with a low lung compliance increases the risk of inward chest wall distortion. [37] Low lung compliance and CPAP failure is contributed to by numerous factors such as lung structural immaturity, absence of surfactant and low lung gas volume due to partially liquid-filled lungs. [38] [39] [40] The contribution of lung tissue mechanics in CPAP failure is inconclusive; studies have found that infants who received antenatal steroids were less likely to fail CPAP [8, 11] whereas others report no significant relationship between antenatal steroids and CPAP failure [1, 9, 10] . In our study there was no significant difference in corticosteroid administration between CPAP-fail and CPAP-success infants. Stable micro bubble tests or lamella body count, which indirectly assesses the function of pulmonary surfactant, have shown to be a potential predictor of moderate to severe RDS. (12, 13) Considering that 70% of newborns that fail CPAP have RDS and 53% demonstrate a severe form on chest X-rays [1] , surfactant deficiency may play a role in CPAP failure by promoting low lung compliance. Alternatively, inadequate lung liquid clearance at birth decreases lung compliance. As lung liquid clearance is promoted by increased transpulmonary hydrostatic pressures gradients [14, 16] , successful lung recruitment at birth, possibly with the use of sustained inflations, could reduce the risk of CPAP-failure [9] by increasing lung compliance and achieving a lower chest wall to lung compliance ratio.
Previous research suggested that EHs are related to lung gas volume; newborn rabbits commonly utilised EHs after >50% of FRC had been accumulated [14] , 1-2 week old lambs increased vagal afferent feedback and inhibited EHs when FRC was increased [23] and increasing CPAP in 1-21 day old infants increased FRC and reduced the frequency of EHs [22] . In our study the use of EH increased after birth, similar to that observed in rabbit pups [14] , however it did not differ between CPAP-fail and CPAP-success infants. EHs likely do not reflect absolute lung gas volumes but rather relative changes in end-expiratory lung gas volumes. Although lung gas volumes were not measured in our study, CPAP-fail infants were likely to have had lower lung gas volumes than CPAP-success infants and indeed CPAP-fail infants required greater respiratory support. Increases and decreases in lung gas volume are not uncommon immediately after birth. [14, 41] Therefore, each time end-expiratory lung gas volumes decrease, irrespective of original or subsequent lung gas volumes, vagal afferent feedback triggers the use of EHs to restore FRC. [42] Therefore, it would be difficult to differentiate between CPAP-success and CPAP-fail infants based on EH usage alone.
One of the major limitations to this study is the short duration of the respiratory recordings analysed. This was limited to the time that the infant is on the resuscitation table; in our study this ranged between 5 to 12 minutes. Within this short recording period, infant's initiated spontaneous breathing and received IPPV at different times. The quality of the respiratory traces were affected by face mask leak and physical movement from the infant caused by positioning the infant into polyethylene wrap or placing the pulse oximeter probe on the infant's wrist. These events further reduced the amount of analysable recording and may have prevented statistical differences from being detected between groups. If recordings were extended or performed later when the infant was quietly breathing and not interfered with by caregivers, clearer differences may have been detected. Indeed, in our study, infants were intubated at an average of 6 hours after birth. Infants intubated in the delivery room (~10%) were excluded, which would have removed the sickest infants from our analysis. However, we believed that this exclusion was necessary because our aim was to determine which infants could be stabilised with CPAP in the delivery room but require more intensive respiratory support later on.
Conclusion
The ability to predict infants who will fail CPAP soon after birth is a valuable tool that would help caregivers to initiate treatments and preventative strategies early. This would prevent the infant from being intubated and mechanical ventilated throughout their recovery. Our study suggests that infants most likely to later fail CPAP are those who have weaker respiratory efforts at 9-12 minutes after birth. These infants more infrequently utilised high peak inspiratory flows, required increased peak inspiratory flows to generate moderately sized VTs and were unable to generate rapid peak inspiratory flows to perform recruitment manoeuvres (VTs >9 ml/ kg). The difficulty the CPAP-fail infants face to maintain lung aeration immediately after birth is reflected in their greater need for respiratory support at birth before being transferred to the NICU. Further research is required to determine if it is feasible to determine the relationship between VT and inspiratory flow soon after birth or if determining the threshold of different forms of respiratory support will more easily identify infants most likely to fail CPAP.
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